Tavatron Run IIh mesting, June 12, 2001

Viadimir Shiltsev
Space Charge Compensation
in the Booster

1. Scope: what's up with the Booster?

|

- Space-charge effects & theory

3. Proposal to use electron beams

4. Degree of compensation

5. E-beam shape/modulation/direction
6. E-gun and magnetic field

7. Set of parameters vs TEL

8. Suggested R&D plan

9. ' Resources: $$, people




Booster Efficiency and Losses
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Space-charge-like phenomena in the Booster:

1. Most of the losses take place some few
thousands turns (5ms) after injection while
the beam energy is minimum

2. Since pre-upgrade era it’s known that beam
brightness stays constant for high intensities
Np/emittance =~ const

3. strong dependence on the working point

there are many suggestions to reduce the

losses with cosmetic measures, like
Increase aperture
split the tunes by one unit
improve y_t jump system
2™ harmonic RF to reduce bunching -
increase RF gap volts and improve
beam loading compensation

...but only one thing can kill the beast —

get rid of the Space-Charge
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I Fermilab Booster Proton Beam:
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Yertical Emittance (pi Mm—-mrad)
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. Horizeontal Emittance (pi mm-mrzd}
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Console Location 2,
Boozter Verbtical Emittance
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Coneole Location 2,
Booster Horizontal Emittance
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Booster dQ@_SC vs time in cycle, 5e12 ppp

Simulations based on bunch length measurements,
115511 constant prittance i no loss modef
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tance of both transverse plane is 2.32 pi mm-mrad in horizontal and 0.58 pin
the injection energy of KEK PS is 500 MeV, the incoherent space charge tune
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which is large enough to see the space charge effects due to 2vy=14. The initi.
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Figure 1: Tune diagram of KEK PS and its bare tune assumed in the sir
incoherent tune shift when the beam intensity is 1x102 ppp.
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Figure 4 (left): Emlttance as a function of effective bearn intensity
‘Figure 35 (right): Coherent quadrupole tune as a function of effective beam intensity.

electron intensity is more than necessary to cancel the overall space charge effects, the effective intensity becomes
negative, meaning that the overall field is attractive,

As shown in Fig. 4, when the electron intensity is high enough and the effective intensity is low, emittance growth
is suppressed. Above the effective intensity of 0.4x10" ppp, the vertical emittance start blowing up. The coherent
quadrupole tune is decreased as the effective intensity is increased as shown in Fig. 5. The interesting results we can see
from Figs. 2-5 are that 1) the space charge compensation with electron beams works as predicted, and 2) effective
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Beam Modes in Presence of Space Charge

(Baartman mode] <2 TM-2125)

1. Plot below illustrate behavior of the 4 relevant modes with the Laslett tune shift

All the tune shifts arc taken as small in comparison with the tunes themselves, Behavior of these
mode fractional tunes without any compensation (a=0) is illustrated in Fig. 1 for approximately

Booster’s fractional tune {v,} =0.75.
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Fig. 1. The red line corresponds to the single-particle mode, the blue line ~ to the dipole
mode, magenta — envelope in-phase mode, brown — envelope out-of phase mode.
Empirical results of several low-energy booster-synchrotrons lead 10 a conclusion that the
incoherent tune is able to cross any resovance without significant beam deterioration.
Indecd, for the Fermilab Booster the half-integer resonance is crossed at Av, = 0.2,

while the experimental limit Av, =0.4. The same conclusion follows for the AGS sed

CERN PS machines. In the figure above, this empirical limit is close to the resonance
crossing by the out-of-phase envelope mode, From the other side, it is known
theoretically and from simulations that integer and half-integer resonances of the
envelope modes are very sirong and normalty cannot be overcome. Nothing 10 say that
lincar integer and half-integer resonances of the dipole mode must be avolded; the besm
must stay at a safe distance from them, not smaller than 0.05 — 0.1, Taking these
considerations into account, the compensation parameter o« can be optimized to have
maximal Laslett tune shift when a first half-integer resonance crossing by one of the
coherent mades (dipole or envelope) takes place.
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appliedt electron lens tune shift Av, is proportional to it Av, =alv,
mfﬁcimla.ﬁssuuﬂnghothﬂmlatﬂmmmtdmﬂmlnndnqmlm ¥p . these modes are;

2, Incoberent (single-particle) mode, with the tune V=¥, +{e-DAy,
3. Coherent dipoke mode, ¥, =¥, +alAv,

4. Envelope in-phaze mode, V., =2v, +(2a —1)Ay,

5. Envelope out-of-phase mode, v_ =2, + (20 -3/)Ay,

with an optimized
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Fig. 2. The samc as Fig. 1, but with the compensation & =1/3,

For this choice of the compensation, the dipole and the out-of-phase envelope mode cross

their resonances simoltancously, which shows that for this working point the
compensation is optimal. These Crossings occur at Av; = 0.6, which number is 1.5 — 1.7

ﬁmeshighcﬂmnmcmreshuldndﬂmutmyommmuﬁm.prmmdinﬁg. 1. For other

working points, this threshold is cither pretty close to 0.6, or worse.,
Conclusion:
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TWO Booster Electron Lenses
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BELL =booster ELecreon Leng

. ELECTRON cufrent ~20A & OrV

e LENGTH 4O wm
. MAIN SOLENOID Field  4-46+G
» SIiDE SOLENOIDS 2 -4 QG

. ELCCTRON current Duratiow S wm$

rep.vate 1S B2 (max)
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MAGNETS FOR BOOSTER ELECTRON LENS
Main(each) Sidel Side?2

Length, cm 200 25 25
Inner radius, cm 9 18 18
Outer radius, cm 9.3 32.5 32.5
Central field, k& 4 4 4
Current, kA*turns 2700 135 135
Curr.dens, A/mm~2 440 3.7 4.3
Angle, grad 0 22.4 S0
Stored energy, KJ 25 3.1 4.1
Power, kW O 42 55
Conventional “warm” magnets
Length, cm 320
Inner radius, cm 6
Outer radius, cm 12
Central field, k& 4

Current, kA*turns 1024
Curr.dens, A/mm~2 B

Angle, grad 0
Power, kW ~80
Oper.current, A 800
#Water contours ~12

Weight, kG ~1500 ~200 =~200
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3. Electron gun with convex cathode and perveance of P = 5.6u.A4/V?/% [5].
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main solenoid length
total length
No.lenses/ring
configuration
e-energy

max e-current
anode voltage
current stability
current modulation
cathode radius
e-beam radius

area compression

B field solenoid/gun
B straightness, rms *
beam shape control
vacuum

I El n_Len
Booster Tevatron
e-Lens 1" e-lens
3.87m 250 m
5.63m 3.67 m (v-v)
3 2
2 bends 2 bends
70 kV 17 kV
8.3A (20max) 2-8 A
14 kV(25) 10-13 kV
< 1% <0.1%
26 ns 396 (132) ns
10 mm 5mm
ms 6.3 mm 1.5 mm
<2 . 16-25
1.9/1.5 kG 65/4 kG
0.5 mm 0.05 mm
yes? Yes
~10/-8 Torr <10/-9 Torr




Space Charge Compensation in Booster-
still unanswered “simple” issues:

1) suppress coherent dipole mode by feedback
2) accuracy of transv and long matching

3) PBx=py issues

4) effects of longitudinal forces

5) computer simulations

6) wobbling of p-bunch (transv,long)

7) Booster beam studies: coupling,
lattice non-symmetry, dQ(t), fast BLM

8) need of the e-current jumps




Essential features required of BELL
magnetic system:

1) provides 2k6 (operational) to 4k (max)
longitudinal field in the region of the e-gun
cathode

2) brings the e-beam to interaction region
adiabatically

3) 2k6 to 4k6 longitudinal magnetic field in the
4m (as long as possible) interaction region
» field line straightness < 0.25¢=1 mm )
 two (or more) compensating solenoids |B_z
dz=0
* 6 correctors: injection coordinates XY +2em
extraction XY = 1+2cm
angles at IR XY’ ~ +5mrad
* (optional) beam shape variation if B_z(z)

4) brings e-beam to the collector

5) fits Booster long straight section v-v~5.1m




Cost Projection for Booster SC
Compensation with 3 BELs (k$) for
50-100% increase in output N_p

SC Magnets Warm Magnets

Magnetic system: 1095 935
Design - 60 40
Fabrication 600 450
Cryocoolers 210 -
QPS 60 -
Tests/magn.meas 15 15
Power supplies 120 340
Installation 30 90

Vacuum system: 145

clectron beam system: 570
e-guns 60
e-collectors = 60
diagnostics 45
HV modulators 300
HV PSs 105

TOTAL 1800 1650




Proposed Schedule/Plans:

1. Most time consuming:  Magnets design - 6 mos
Fabrication - 12 mos

2. Seems possible (having $$ and people) to have 1
BELL installed/operational in Jan, 2004; then 2 more
BELLS on Aug, 2005

For that:
Year'02: Computer simulations are done - May
Major parameters fixed - May
Booster SC studies completed - May
80k$ e-beam test in Linac lab done - May
Review in June 2002
60k$ Design of solenoids June - Dec

Year'Q3: Fabrication of 2 Solenvids - Dec
500k$  Fabrication of the rest - Dec

Year'04: Test of the 1*' BELL Jan - May
Review in June 2004 }
600k$ Start fabrication of 2 TELs - Aug

Year'OB: fabrication of “the rest” - June
500k $ installation/operation - Aug.




